A gas chromatographic method is described for the determination of residual 2-(acryloyloxy)ethyl isocyanate (AOI) and 2-(methacryloyloxy)ethyl isocyanate (MOI) as curing agents in an ultraviolet curable adhesive. Pre-column derivatization was employed in the determination of AOI and MOI as a means of enhancing the response of the flame ionization detector. Urethane derivatives of AOI and MOI were derived using methanol for 30 min at room temperature. The accuracies (n 5 5, three concentration levels) were in the range of 113.4 to 126.7%, and precisions (n 5 5, three concentration levels) were in the range of 0.8 to 4.3% for AOI-OMe. Furthermore, the accuracies were in the range of 79.5 to 108.6% and the precisions were in the range of 1.0 to 2.4% for MOI-OMe. The correlation coefficients of six calibration standards were all greater than 0.9999 for AOI-OMe and greater than 0.9998 for MOI-OMe over the range from 10 to 100 mg/mL.
Introduction
Pressure sensitive adhesives (PSAs) provide different adhesion properties compared to general purpose adhesives (1) . As a result, PSAs have been widely used as important materials in the fields of electronics, optical devices and the automobile industry, owing to their unique properties (2 -4) . Photoinitiated curing methods have had increased demand, and there is increasing interest in the technology of the material development of coatings and adhesives due to rapid curing speeds and eco-friendly (solvent-free) processes (2, 5 -8) . Hence, ultraviolet (UV)-curable PSAs have been developed by many industries (9) . Many analytical methods have been used to characterize PSAs, such as thermal analysis (2, 4, 6, 10, 12) , spectroscopic analysis (3, 5, 6, 8, (11) (12) (13) , viscometric analysis (5, 14) and particle size analysis (7, 11) . These are primarily analytical methods, used for the determination of curing behaviors and mechanical properties in the development of UV curable adhesives.
UV-sensitive curing agents are also a key material in adhesive formulations. In the case of curing agents introduced into a polymer backbone, undesired polymerization due to large quantities of residual curing agents that do not react with the polymer backbone can occur with the passage of time. As a result, unfavorable polymerization of residual curing agents affects the properties of the adhesives. Therefore, it is necessary to establish an analytical method to determine the monomer residues of the curing agents in UV curable adhesives. In addition, the regular determination is required of the degree to which unreacted residues of curing agents occur in the adhesives produced. 2-(Acryloyloxy)ethyl isocyanate (AOI) and 2-(methacryloyloxy)ethyl isocyanate (MOI) have shown insufficient sensitivity as curing agents due to undesirable effects between the isocyanate group of analytes and the stationary phase of the capillary column. Therefore, band broadening and peak tailing occurred in the gas chromatography (GC) chromatograms of AOI and MOI.
Previous studies have reported that urea derivatives of aminoglycoside, using phenylisocyanate as a derivatization reagent, showed good results from quantitative analysis for high-performance liquid chromatography (HPLC) -UV detection (15) (16) . In addition, the results of applying this derivatization method have been published (17 -18) . As with similar reaction such as urea derivatization, it is well known that the urethane derivatization method used in this study is a common in organic chemistry. However, this is the first reported analytical method for urethane derivatives of AOI and MOI. Furthermore, it is necessary to establish an optimum analysis method for the urethane derivatives of AOI and MOI to determine the monomer residues in adhesives. Therefore, this work reports the development of an analytical method for the determination of the residual monomers, AOI and MOI, as curing agents in a UV-curable adhesive. Urethane derivatives of AOI and/or MOI with methanol were employed in an improved residual analysis of AOI and MOI, as shown in Figure 1 . Additionally, the results of the method validation are described for the residual analysis of AOI and MOI using pre-column derivatization. 
Chromatographic conditions
The GC equipment consisted of an Agilent 6890 GC system with a flame ionization detector (FID) (Agilent Technologies Korea, Seoul, South Korea). Instrument control and data The gas chromatographic conditions were as follows: carrier gas, He; injector, on-column injector; temperature, track oven; column flow rate, 4 mL/min; FID temperature, 2608C; hydrogen flow rate, 30 mL/min; air flow rate, 300 mL/min; make-up gas flow rate, 45 mL/min; oven temperature profile, 1008C (1 min), 108C/min to 1908C (5 min), 208C/min to 2508C (10 min); injection volume, 0.2 mL.
Sample preparations
All sample solutions were prepared with ethyl acetate to correspond with the solvent of the polymerization reaction. Standard solutions of AOI and MOI, each with a concentration of 1.0 mg/mL, were prepared and diluted with ethyl acetate to obtain the following concentrations: 10, 20, 30, 40, 50 and 100 mg/mL. An IS solution was prepared by dissolving 50 mg/mL of dimethyl phthalate in methanol. To 4 mL of each standard solution was added 1 mL of IS solution. In addition, approximately 150 mg of adhesive samples were placed into 10 mL vials, dissolved well with 4 mL of ethyl acetate and then 1 mL of IS solution was added. The mixture was reacted for 30 min at room temperature.
Optimization of the urethane derivatization conditions
The derivatization reaction of the residual curing agents was optimized by the reaction of 300 mg/mL of AOI or MOI in ethyl acetate with methanol (MeOH), ethanol (EtOH), n-propanol (PrOH), 2-propanol (IPA) and n-hexanol (HexOH), respectively. The optimal reaction time and temperature were investigated by varying the values from 0 min to 2 days at 25, 50 and 708C, respectively. Ethyl acetate and acetonitrile were investigated as reaction solvents to obtain the optimum derivatization conditions. Figure 2 shows that the GC -FID responses of urethane derivatives for AOI and MOI were improved when compared to those of AOI and MOI without derivatization. In this case, the alcohol component of the urethane derivatives was methanol. In comparison with the peak heights of the urethane derivatives, the peak height of the AOI derivative (AOI-OMe) and MOI derivative (MOI-OMe) were increased by approximately 2.5 times over the case without derivatization. The peak height was increased because the peak tailing was improved through the derivatization. The peak asymmetries of AOI and MOI were 8 and 7, respectively, whereas the peak asymmetries of AOI-OMe and MOI-OMe were 1.5 and 1.6, respectively. Band broadening and peak tailing were absent in the GC chromatograms, whereas sharp and symmetric peaks were acquired. Therefore, it is necessary to develop optimum derivatization conditions for the residual analysis of AOI and MOI as urethane derivatives.
Results and Discussion
To determine the optimum derivatization conditions, the peak area counts of the urethane derivatives of AOI and MOI for varying reactant alcohols, reaction times and reaction temperatures were compared, as shown in Figure 3 . Alcohols used as derivatizing reagents were MeOH, EtOH, PrOH, IPA and HexOH. The reaction times for complete derivatization ranged from 0 min to 2 days. In addition, the tested derivatization temperatures were 25, 50 and 708C. A fast reaction time was provided by methanol. The reaction yields of alcohol gradually decreased in accordance with the increasing alkyl chain, as shown in Figure 3A . The derivatization reaction of IPA was slower than PrOH owing to its steric hindrance. However, the peak area counts of HexOH derivatives were not shown in the smallest area count. It is considered that increasing the alkyl chain might increase the FID response. The peak area counts of urethane derivatives after two days of reaction time gradually increased in accordance with the increasing alkyl chain ( Figure 3B ). In addition, the reaction yields of the urethane derivatives increased in accordance with the increase in the reaction temperature ( Figure 3C ). To investigate the effect of solvent on the derivatization, acetonitrile and ethyl acetate were examined as reaction solvents, as shown in Figure 4 . For AOI-OMe and MOI-OMe, faster reaction times were found in acetonitrile and ethyl acetate than AOI-OEt and MOI-Et. Moreover, AOI-OMe and MOI-OMe were immediately prepared in acetonitrile. Hence, methanol as a derivatizing reagent was chosen in this study because it provided a fast reaction time. In the case of methanol, the peak area counts were slightly different despite varying reaction temperatures, so the reaction temperature was set at room temperature. Although acetonitrile showed a fast reaction time, ethyl acetate was chosen as the reaction solvent owing to the immiscibility of the adhesive in the acetonitrile.
This derivatization method was applied to the residual analysis of AOI and MOI in a UV-curable acrylate adhesive. Table I shows the results for the precision and accuracy of the residual analysis of AOI and MOI using urethane derivatives. Typical GC chromatograms are shown in Figure 5 . AOI-OMe and MOI-OMe were well separated and showed good peak shapes in the GC chromatograms. No interfering peaks were present in the chromatograms corresponding to the retention times of the urethane derivatives. Accuracy was determined by spiking standard solutions of 20, 40 and 60 mg/mL of AOI and MOI, respectively, into a sample of known concentration. In addition, the accuracy of the AOI-OMe and MOI-OMe derivatives was calculated by a comparison of the added concentration with the found concentration. The precision of the method was determined by five intra-day (within a day) replicate assays at three concentration levels as an accuracy test. The accuracies and precisions were 113.4 to 126.7% and 0.8 to 4.3%, respectively, for AOI-OMe, and 79.5 to 108.6% and 1.0 to 2.4%, respectively, for MOI-OMe. The accuracy and precision of the results were generally acceptable for the residual analysis of AOI and MOI in UV-curable adhesives. A calibration curve containing standards of 10, 20, 30, 40, 50 and 100 mg/mL of AOI and MOI solutions was used to determine the linearity test of the AOI-OMe and MOI-OMe derivatives. All correlation coefficients (r 2 ) were better than or equal to 0.9999 (y ¼ 25.330x þ 0.3929) for AOI-OMe and better than or equal to 0.9998 (y ¼ 19.943x þ 0.7525) for MOI-OMe. The limit of detection (LOD, S/N ratio: 3) and limit of quantification (LOQ, S/N ratio: 10) were 1.2 and 4.0 mg/mL, respectively, for AOI-OMe and 0.9 and 3.0 mg/mL, respectively, for MOI-OMe in a UV-curable adhesive. The LOD and LOQ were 6.1 and 20.3 mg/mL, respectively, for AOI and 5.5 and 18.3 mg/mL, respectively, for MOI. Responses that were improved by a factor of 5 were achieved through urethane derivatives of AOI and MOI.
Conclusions
This study developed a simple gas chromatographic method for the determination of residual AOI and MOI as curing agents in a UV-curable adhesive, using fast pre-column derivatization. This method shows good specificity, accuracy, precision and linearity. This is the first reported result for the residual analysis of AOI and MOI using urethane derivatives. Additionally, this assay method may help with the analysis of quantification for AOI and MOI. 
